Introduction {#Sec1}
============

Traffic congestion, not restricted to but particularly predominant in big cities, is considered as the most prominently compounding issue related to traffic engineering and urban arranging, with clear ramifications on urban economy, environment, and way of life \[[@CR1]\]. Traffic in urban areas keeps on developing especially in large cities of developing countries, which are portrayed by substantial monetary and population extension. This normally requires serious transportation of products and travelers, expanding interest for individual vehicular proprietorship that in the course of the most recent decade has seen exponential development around the world \[[@CR2]\]. Catching congestion ends up significant in this regard, yet rather fundamental.

In the past few years, the traffic congestion phenomenon has been widely and differently described as a physical condition that occurs in traffic streams which leads to restrained movement, prolonged delays and decreased speeds \[[@CR3]\]. Its definition is conventionally classified based on four aspects: Speed, capacity, travel time/delay and the congestion cost \[[@CR4]\]. As a result, the level of congestion on urban roads is measured and evaluated uniformly. In this sense, a novel approach for evaluating urban traffic congestion is proposed. Since the phenomenon of congestion does not have a uniform definition, its measuring on the different road segments should not be done uniformly. A fuzzy inference-based method is suggested that incorporate the uncertainty of the independent congestion measures. It takes into consideration the variation in the speed at peak and non-peak hours, the relationship between the vehicle counts and the capacity of roadway segments as well as the ratio between the average speed and the maximum permissible speed. As a result, this study makes it possible to tackle the vague concept of congestion from multiple aspects.

The remainders of this paper are organized as follows: Sect. [2](#Sec2){ref-type="sec"} presents the literature review. The new fuzzy-based approach and its calculation process are proposed in Sect. [3](#Sec5){ref-type="sec"}. Section [4](#Sec11){ref-type="sec"} illustrates the experimentation and results. the conclusion is described in Sect. [5](#Sec14){ref-type="sec"}.

Literature Review {#Sec2}
=================

Traffic Congestion Evaluation Methods {#Sec3}
-------------------------------------

Traffic congestion is considered to be a relative measure compared to other traffic flow parameters. The traveler perception of the service provided by the transportation system at a specific time determines the presence of congestion, which requires the definition of congestion indicators \[[@CR4]\]. As indicated in \[[@CR5]\], the Level Of Service (LOS) is the best observational pointer of jams in the transportation system, where the proportions of supply and demand are analyzed and classified in one of six classes that range from A (free flow) to F (highly congested). There is no limit determined for LOS to portray the congestion state, however, obviously the LOS F is characterized as the most noticeably terrible condition of stream and speaks to blocked stream. Even though a few reports are utilizing other levels of services (D and E) as a congested stream, LOS F is commonly acknowledged as a condition of traffic stream and hence LOS is the most fitting congestion indicator. \[[@CR6]\] provides a review of the congestion measures, the three regularly utilized indicators of traffic congestion are examined in the following paragraphs.

The roadway congestion index (RCI), first introduced by David Schrank in \[[@CR7]\], is an indicator of the congestion severity in a wide area. The RCI compares between the daily vehicle miles per lane-mile (DVMT) of an area and the total predicted vehicle miles in congested conditions in that specific area, both measured depending on the road type (freeway or arterial roadway), Eq. [1](#Equ1){ref-type=""} shows how the RCI is computed:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{RCI}} = \frac{{\begin{array}{*{20}c} {\left( {{\text{Freeway}}\,{\text{DVMT}}} \right) \times \left( {{\text{Freeway}}\,{\text{Daily}}\_{\text{vehicule}}\_{\text{mile}}} \right)} \\ { + \left( {{\text{Arterial}}\,{\text{DVMT}}} \right) \times \left( {{\text{Arterial}}\,{\text{Daily}}\_{\text{vehicule}}\_{\text{mile}}} \right)} \\ \end{array} }}{{\left( {\begin{array}{*{20}c} {13,000 \times {\text{Freeway}}\,{\text{Daily}}\_{\text{vehicule}}\_{\text{mile}}} \\ { + 5,000 \times {\text{Arterial}}\,{\text{Daily}}\_{\text{vehicule}}\_{\text{mile}}} \\ \end{array} } \right)}} $$\end{document}$$The RCI accepts a capacity limit of 13,000 DVMT on freeways and 5,000 DVMT on head arterials. An RCI estimation of 1.0 or more reflects a bothersome congestion level. But the fact that it's hard for road users to relate their travel experience to this index can be considered as a drawback because it infects the ability to forecast future conditions. This indicator is incapable to infer the vital traffic improvement plans to avoid traffic congestion since it is an area-wide measure.

The Relative Delay Rate (RDR) and the Congestion Index (CI) are two well-used congestion indicators, introduced respectively by Lomax in \[[@CR4]\] and Taylor in \[[@CR8]\]. They both translate the road users' perception of the traffic flow quality relatively to a perfect or tolerable condition. The RDR is calculated using Eq. [2](#Equ2){ref-type=""}:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{Congestion}}\,{\text{index}} = \frac{{\left( {  \begin{array}{*{20}c} {{\text{Actual}}\,{\text{travel}}} \\ {{\text{time}}\,{\text{of}}\,{\text{section}}} \\ \end{array} - \begin{array}{*{20}c} {\text{FreeFlow}} \\ {\text{travel time}} \\ \end{array} } \right)}}{{{\text{FreeFlow}}\,{\text{travel}}\,{\text{time}}}} $$\end{document}$$Where the free-flow travel time represents the time spent traveling at the mentioned speed limit. An estimation of zero of the congestion index shows a low degree of congestion and considered to be near free-flow condition. An estimation higher than 2 of Eq. ([3](#Equ3){ref-type=""}) reflects a severely congested condition. Most of the time, the use of the congestion index can be beneficial when traffic conditions are compared on several roadways since the records can be collected independently for various road segments.

Limitations in Traffic Congestion Assessment Methods {#Sec4}
----------------------------------------------------

In this section, the limitations in assessing urban traffic congestion are mentioned. First, the imprecision of traffic data records and observations gathered in both the supply and demand sides. In the supply-side parameters, a single value describing the traffic state can be misleading since the traffic signal timing and geometric design parameters changes according to the road section and the study period. For the demand-side, parameters such as travel time, vehicle counts and delay can also be imprecise. We can conclude that uncertainty is associated with all congestion measures no matter how accurate their representation of the actual traffic state is. Second, the notion of acceptable or tolerable traffic conditions is fuzzy because it differs according to the roadway section and the road user's experience. Therefore, it is impossible to use a unique value to describe it. Third, to measure the traffic congestion, stepwise measures can be used such as the Level Of Service (LOS). These measures can be misleading in case the traffic situation is close to a threshold because often the situation will exceed the latter. This problem can be touched when the studied road section knows constantly changing geometric features and traffic parameters. Fourth, measures of congestion in the literature are mainly related to single traffic parameters; often it is travel speed or delay. However, road congestion is a vague concept, and the traveler impression to describe it is influenced by many factors. In this sense, a combination of more than one measure to evaluate the traffic condition is required. Fifth, the road user's opinion of what is tolerable or intolerable traffic condition should be incorporated when measuring road congestion. This boundary is not clear because of the opinion, the travel condition and between localities differ among travelers. Thus, an ideal measure should take into consideration the flexibility that represents the conditions of the locality.

To sum up, traffic congestion is a complex phenomenon that can be described in different manners and caused by multiple factors. Therefore, it is necessary to take into account the imprecise quantities and the traveler's perception in the process of assessing the level of congestion. Considering the problems aforementioned, in this paper, a fuzzy-based method is proposed to determine the level of traffic congestion. It is believed that the proposed method can take into consideration the following requirements of an ideal congestion measuring approach:Integration of the imprecise nature of traffic data,Integration of the subjective notion of travelers perceptions of traffic congestion (acceptable or inacceptable service quality),And finally, the combination of multiple measures to form a composite measure.

A Congestion Measure Based on the Fuzzy Inference System {#Sec5}
========================================================

The proposed fuzzy process, illustrated in Fig. [1](#Fig1){ref-type="fig"}, is used to measure the congestion levels by using traffic data (such as vehicle counts, speed, etc.). This process provides a solution for ambiguous and uncertain problems. The procedure involves the calculation of the values of the input parameters, the categorization of the input parameters values into distinguishing groups, the definition of the various congestion states, and the determination of the congestion index values.Fig. 1.The proposed fuzzy logic process for congestion evaluation

Data Acquisition and Preparation {#Sec6}
--------------------------------

To validate our proposal, the choice fell on the Radar traffic Counts \[[@CR9]\] and Travel Sensor \[[@CR10]\] datasets provided by the transportation department of Austin City. The choice of these datasets was not arbitrary: the dataset offers traffic parameters needed to conduct our study (such as volume, speed, etc.) and they put the light on the intersections in Austin having a heavy traffic flow which will reflect the benefits of our proposed system in detecting the most congested intersections and road segments. The output of the system can be so beneficial in the making of short and long terms decisions from the authorities. The sensors cover a total of 17 intersections, each having a specific number of lanes which made it possible to analyze the congestion in about 76 road segments. The traffic count and speed data are gathered from a specific type of sensors deployed by the city of Austin which are the Wavetronix radar sensors. These data have been collected since the creation of the dataset in November 2017 with an interval of 15 min; which led to a huge amount of data (about 4.65 M records). In this study, one month of data (from 01-March-2019 to 31-March-2019) is used to test the proposed system and minimize its running time. The peak and non-peak speed data are extracted from the dataset considering that the morning peak-hours extend from 9:30 am to 11:30 am, the evening peak hours extend from 5:30 pm to 7:30 pm and the non-peak hours extend from 7:00 am to 9:00 am and from 12:00 am to 5:00 pm. Other data was added to the dataset to fulfill the need of this study such as the capacity and the maximum permissible speed of each segment.

Input Parameters {#Sec7}
----------------

The three measures are used to describe congestion, which are: volume-to-capacity ratio, the decreased speed ratio, and the speed ratio. The Volume to capacity ratio measure (Eq. [4](#Equ4){ref-type=""}) reflects the ratio between the counts of vehicles passing through a road segment and the maximum number of vehicles that that road segment can support. This value ranges from 0 to values sometimes greater than 1. A value near to "0" represents the best traffic state (free flow), and a value near or greater than 1 represents the worst traffic state (severely congested).$$\documentclass[12pt]{minimal}
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The second measure is the decreased speed ratio (Eq. [5](#Equ5){ref-type=""}) that denotes the rate of reduced speed of the vehicle due to a congested situation. This measure represents the traffic condition of the road network for non-peak and peak periods. This value ranges from 0 to 1, 0 being the best condition when the Peak average speed is bigger than or equal to the Non-Peak average speed, and 1 being the worst condition when Peak's average speed is near 0.$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{Decreased}}\,{\text{speed}}\,{\text{ratio}} = \frac{NonPeakAvgSpeed - PeakAvgSpeed}{NonPeakAvgSpeed} $$\end{document}$$

The third measure is the speed ratio (Eq. [6](#Equ6){ref-type=""}); it reflects the ratio between the average speed and the maximum allowed speed on a road segment. It is used as an evaluation indicator of the traffic state in urban areas. The speed ratio value ranges from 0 to 1, three threshold values (0.25, 0.5, and 0.75) are adopted to be the classification criterion of the traffic condition. The extreme values 0 and 1 reflect the worst and the best conditions of traffic respectively.$$\documentclass[12pt]{minimal}
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Fuzzification Phase {#Sec8}
-------------------

After computing the congestion measures, a domain transformation called fuzzification is launched. This process presents the first stage of the fuzzy logic processing. It consists of assigning the values to fuzzy sets that have vague boundaries. The fuzzy sets are classes of road conditions, simplified by a natural language such as "moderate congestion". The values of the volume-to-capacity ratio are grouped into three classes (Low, Moderate and High). Figure. [2](#Fig2){ref-type="fig"} shows the given values of the v/c ratio and their mapping to the three classes with the help of the membership functions.Fig. 2.Membership function for volume to capacity ratio

For the decreased speed ratio measure, the values are categorized into six comprehensive categories by the traveler. The six categories range from A to F and the defined membership functions for each one of the six classes in which the value of the decreased speed ratio is given in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3.Membership function for the decreased speed ratio

In like manner, four classes are identified to classify the values of the speed Ratio. The classes are Free Flow, Moderate, High and Very High. Figure [4](#Fig4){ref-type="fig"} shows the membership functions of the four classes in which the value of the speed ratio is given and the compatibility of this value with a specific class.Fig. 4.Membership function for speed ratio

Defuzzification Phase {#Sec9}
---------------------

In this stage, the fuzzy output is converted to a number. In this study, the output of the fuzzy process is the congestion index. It is classified into four groups: "smooth", "mild congested", "congested" and "heavily congested". It ranges from 0 to 1, with 0 reflecting the best traffic condition and 1 reflects the worst. Figure [5](#Fig5){ref-type="fig"} shows the membership function of the congestion index. The four congestion index classes are defined on the scale from 0 to 1 and each one is assigned to a natural comprehensible language term (see Fig. [5](#Fig5){ref-type="fig"}).Fig. 5.Membership function for the proposed congestion index

Fuzzy Rule Base {#Sec10}
---------------

Numerous fuzzy rules are performed to combine the three input parameters and to obtain a natural-language and comprehensive congestion measure. The fuzzy rules contain two parts. The first part is the antecedent; it is the one following "IF". And the second part is the consequent; it is the one following "Then". The fuzzy rules for each transport mode are described in the following way:

Rule: **IF** Volume-To-Capacity Ratio is A And Decreased Speed Ratio is B And Speed Ratio is C **Then** the congestion level is D.

Where A, B, C, and D each denote the level of congestion as mentioned in Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}.

Experimentation and Results {#Sec11}
===========================

Congestion Index Computing: Application of FIS {#Sec12}
----------------------------------------------

In this paper, MATLAB Toolbox \[[@CR11]\] for fuzzy modeling is used to estimate the level of traffic congestion. The proposed fuzzy architecture is designed with three congestion measures as inputs, congestion index as the only output and seventy-two fuzzy rules. Having specific estimations of the volume-to-capacity ratio, the decreased speed ratio and the speed ratio as inputs for the rules, a match is done by a particular rule between the input values and the antecedent of the rule using the aforementioned membership functions (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). Doing so, the minimum estimation of the membership function levels among the three is considered as the truth of the rule's antecedent. Furthermore, this estimation affects the truth of the rule's consequent. In the case where the values of the inputs belong to more than a class, all possible rules can be either used or fired and the result is formed by combining the consequents of the possible. How the rules are executed and the result is computed is shown in Fig. [6](#Fig6){ref-type="fig"}.Fig. 6.The calculation of the congestion index using the proposed fuzzy model

Results and Discussion {#Sec13}
----------------------

Table [1](#Tab1){ref-type="table"} shows an example of the congestion index generation for some segments of the study area. It may be observed that using either one of the input parameters cannot give a real picture of the traffic congestion. The combination of all three parameters captures the real status of the condition. It is observed that if one of the input parameters is much higher and the remaining two parameters are on the lower side as is the case of segment 10, the congestion effect is moderate. However, on the traffic link 23, all the three parameters are of the noticeable amount resulting higher congestion effect. Similarly, the links subjected to lower values of speed reduction rate, very low-speed rate and v/c ratio resulting in lower congestion index such as segment 40. The proposed model gives a more realistic and detailed congestion picture compared to that obtained in traditional methods by considering a single parameter.Table 1.The caption of the generated congestion index for some road segmentsSegment numberVehicle countsAverage speedNon-peak average speedPeak average speedVolume to capacity ratioDecreased speed ratioSpeed ratioResulting congestion index369.3534.4836.524.250.730.330.860.299572.7326.6937.216.71.720.550.670.71070.8932.2031.0413.51.130.560.810.5417111.7132.0827.215.41.040.440.8020.412375.7833.437.55.022.050.860.740.90640103.1642.0740.2522.370.950.440.840.36989.0822.1433.517.422.070.920.40.9347168.1537.9342.1729.371.740.430.680.77552.0326.7232.5420.371.830.590.480.91

Conclusion {#Sec14}
==========

The contribution in this paper consists of modeling a fuzzy-based method for urban traffic congestion measuring. It combines three inputs which are traditionally used as measures of traffic congestion into one output which is a composite congestion measure. Each one of the independent measures, the speed ratio, the volume to capacity ratio and the decreased speed ratio, describes a particular aspect of the traffic conditions using precise thresholds. Doing so, the error possibility in measurement is high which misleads the representation of the real traffic condition. The suggested fuzzy inference approach takes into consideration every little variation in the input congestion measures and their combination provides a more accurate representation of the traffic state. The accuracy of such a model is higher because it is based on natural-language rules which reflect perfectly the traveler perception of the traffic condition. The suggested method can be used to evaluate the congestion over road sections, arterials, or highway road network. In terms of perspectives, we are attempting to expand the proposed model to incorporate other factors playing a considerable role in changing the traffic condition such as parking in streets, roads structure, etc. Further work will make possible to redefine the membership functions and the rules more precisely.
